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, Wnt (11) , and laminin (6, 7) , could modulate the cAMP or cGMP level in neurons (12, (38) (39) (40) (41) (42) (43) . Localized exposure to one or more of such factors may create a cytoplasmic asymmetry for axon/dendrite initiation. Perturbation of the cAMP/cGMP level resulted in neuronal polarization defects in the developing cortex (figs. S4 and S5), but the cAMP/cGMP-modulating extracellular factors that are responsible for polarizing the neurons in vivo remain to be identified. In a model for distinct actions of local versus global cAMP/cGMP signaling ( fig. S7 ), we propose that axons and dendrites are induced via localized cAMP and cGMP signals, and local antagonistic interactions between cAMP and cGMP pathways ensure that axon initiation is accompanied by the inhibition of dendrite formation, and vice versa. The cAMP signal acts through phosphorylated LKB1 (12) and GSK-3b (8, 16) and their downstream effectors, which may converge with the PI3K pathway at several levels to promote axon initiation (15, 19, (44) (45) (46) , whereas the cGMP signal suppresses axon formation via reciprocal down-regulation of cAMP/PKA-dependent phosphorylation of LKB1 and GSK-3b ( Fig. 3 ), as well as specifically promotes dendrite growth ( Fig. 5 ) via cellular processes yet to be identified ( fig. S7 ).
Long-range inhibitory signaling in neurons has been reported. Local contact of a neurite with a target cell (47) or laminin-coated surface (6, 7) , or local perfusion of a neurite with forskolin (48) , all led to growth inhibition of distant neurites. This inhibitory effect may be caused by the long-range self-suppression of cAMP, although the mechanism underlying this long-range cAMP selfantagonism remains to be elucidated. The absence of long-range signaling resulting from local cGMP elevation suggests the framework of axon dominance signaling in the coordinated axon/dendrite differentiation; whereas local cAMP/cGMP reciprocal regulation helps to channel the differentiation process along either an axonal or dendritic route, the long-range cAMP self-suppression ensures the formation of only one axon. 
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Phase Transitions of Adsorbed Atoms on the Surface of a Carbon Nanotube
Zenghui Wang, Jiang Wei, Peter Morse, J. Gregory Dash, Oscar E. Vilches, David H. Cobden* Phase transitions of adsorbed atoms and molecules on two-dimensional substrates are well explored, but similar transitions in the one-dimensional limit have been more difficult to study experimentally. Suspended carbon nanotubes can act as nanoscale resonators with remarkable electromechanical properties and the ability to detect adsorption at the level of single atoms. We used single-walled carbon nanotube resonators to study the phase behavior of adsorbed argon and krypton atoms as well as their coupling to the substrate electrons. By monitoring the resonance frequency in the presence of gases, we observed the formation of monolayers on the cylindrical surface, phase transitions within them, and simultaneous modification of the electrical conductance. F ilms of atoms or molecules adsorbed on surfaces exhibit many kinds of ordering that reflect interactions between the adsorbates as well as with the surface. One of the simplest model systems, rare gases on bulk exfoliated graphite, exhibits a huge range of twodimensional (2D) phenomena within the first adsorbed layer, including 2D melting, transitions between solids that are either commensurate or incommensurate with the graphene lattice, and critical behavior (1, 2) . Here, we explore the phase behavior of argon and krypton on carbon nanotubes, where the dimensionality of the substrate approaches the 1D limit, and report effects on the electronic conductance that reflect adsorbate-substrate interactions. We map out this phase behavior using nanomechanical resonators based on individual suspended single-walled nanotubes (SWNTs) (3) (4) (5) (6) . This platform combines remarkable electrical (7-9) and electromechanical (10) (11) (12) properties with extreme mass sensitivity (13) (14) (15) and allows simultaneous measurement of both the precise amount of adsorbed substance and its effect on the electrical properties. Our approach avoids problems of heterogeneity that have complicated previous explorations of this regime based on conventional techniques that require the use of bulk nanotube samples (16) (17) (18) .
Suspended nanotube devices were made by prefabricating the electrodes and trench, and then growing the SWNTs in the last step (19) to avoid any chemical exposure that might contaminate the pristine nanotube surface (Fig. 1A) . Mechanical resonances appear as sharp features in the current signal during frequency sweeps (20) . The frequency f res of each resonance decreases with increasing pressure P as gas adsorbs (20) , as illustrated in Fig. 1B for Kr at 77 K. Equilibrium is established in seconds after a small pressure change (Fig. 1C ), and f res is a reproducible function of P ( Fig. 1D ).
We deduce the adsorbed mass by assuming that at a given temperature f res varies as r −1/2 , where the total mass per unit length r is the sum of that of the bare nanotube, r 0 , and of the adsorbates, Dr. (This assumption will be justified below.) The fractional mass increase of the nanobalance is then Dr/r 0 = (f 0 /f res ) 2 -1, where f 0 = lim P → 0 f res . Because f 0 is determined separately at each temperature T, any variation of the resonance frequency with T, such as might result from thermal expansion, is factored out. If m C and m ads are the atomic masses of carbon and the adsorbed species respectively, then the quantity
(1) is the number of adsorbed atoms per carbon atom; Fig. 1E shows an example of an isotherm of ϕ versus P derived in this way.
The assumed r −1/2 scaling of f res requires that the change in elastic properties is negligible compared with the fractional change in mass. This assumption can be made because the covalent C-C bond is two orders of magnitude stronger than the van der Waals attraction between adsorbates. We also must assume that the mass is distributed uniformly over the nano-tube surface, which would not be the case if part of the surface were contaminated, or if a denser phase appeared preferentially at the ends or in the middle in response to long-range forces. Nonuniformity would cause different vibrational modes to shift in different ways. However, we have found that f 0 /f res does not depend on which mode is used and also that it is insensitive to substrate gate voltage V g , up to about 8 V (see, for example, Fig. 1E ). Taken together with the results described below, these observations indicate that many of our devices consist of single-walled nanotubes in which ϕ is a good measure of the coverage (number of adsorbates per surface atom) and that the coverage is uniform.
Isotherms of ϕ versus P for Ar are dominated by a large, smooth step, as shown in Fig. 2 for device YB3. A similar step is well known in conventional volumetric isotherms on bulk exfoliated graphite and is characteristic of the densification of a supercritical 2D fluid (F), which occurs above 56 K, the 2D liquid (L)-vapor (V) critical point of Ar on graphite (2, 21, 22) . The colder Ar isotherms also show a second, smaller step at ϕ ≈ 0.24 (see the inset of Fig. 2 ). A similar second step is seen for Ar on graphite (22) when the fluid freezes to a 2D incommensurate solid (IS). Accordingly, we anticipate an L+V coexistence region at lower temperatures as indicated by the dotted line, and we expect the F+IS coexistence region to have the form indicated by the dashed lines. We note that corresponding features occur at higher pressures on nanotubes than on graphite, reflecting the expected weaker binding of atoms to a nanotube surface than to bulk graphite (23) .
We now discuss how this phase behavior changes for Kr, which is larger and more polarizable than Ar. Isotherms of Kr on device YB3 exhibit a dramatic vertical step followed by two smaller steps ( Fig. 3 ). Again, these resemble conventional volumetric isotherms of the same substance on exfoliated graphite (24) but shifted to higher pressures. The size and sharpness of the large step implies not only a first-order phase transition but also excellent substrate homogeneity, consistent with the absence of grain boundaries or imperfections on the surface of this SWNT. The first plateau, between the first two steps, is narrow and easily missed; it is resolved in the 77.4 K data here but not the 73.7 K data.
Whereas Ar does not form any commensurate phase on graphite, Kr condenses from a lowdensity 2D vapor (V) to a commensurate solid (CS) with one Kr atom per six C atoms (25) , as indicated in the left inset to Fig. 3 . At higher pressure, it converts to an IS (26) . The first plateau in our Kr isotherms, whenever resolved, is centered at ϕ =1/6, corresponding to the coverage of the commensurate solid and implying that the first step is a V-CS transition. The highest plateau reached is likely to be the IS, whereas the intermediate plateau is of unknown nature but may be related to a proposed reentrant fluid phase (27) . The fact that ϕ takes the value of 1/6 for the commensurate phase strongly indicates that the assumption behind Eq. 1 that f res º r -1/2 is justified for this device. Some other devices, including YB1 (Fig. 1E) , showed similar responses but exhibited relatively small values of ϕ. This difference can be explained if these devices have a reduced ratio of available surface area to nanotube mass, which would be the case for a multiwalled nanotube or if part of the nanotube's surface were contaminated.
The identification of commensurate and incommensurate 2D solids on the cylindrical nanotube surface raises many interesting questions. The solid is subject both to the curvature, which breaks the isotropy of the graphene lattice, and to the cylindrical boundary condition. It may be rolled seamlessly like the underlying graphene, or alternatively it may contain a domain wall running along the nanotube. For the CS, which is in registry with the carbon surface, the seamless case occurs only when (N -M)/3 is an integer, where (N,M) is the nanotube's roll-up vector. Interestingly, this is precisely the same condition as for the nanotube to be metallic (28) . From the V g dependence of its conductance G (right inset to Fig. 3 ), we identify YB3 as a small-gap metallic nanotube that obeys this condition.
Because we can measure the electrical properties of the SWNT simultaneously with the mass absorption, we can quantitatively investigate the coupling between adsorbates and electrons. This is not possible in conventional adsorption experiments. Figure 4 shows the ϕ-P isotherm of Kr at 77 K for another device, YB8. It exhibits a large, sharp step at about 16 mTorr similar to that into YB3. (The smaller step pressure in YB8 can be explained by a larger binding energy due to a larger nanotube diameter.) The upper left inset shows G-V g characteristics measured at pressures on either side of the phase transition. The conductance is suppressed at the higher pressure for positive V g . The other trace in the main panel shows the resistance measured at a fixed positive gate voltage. It increases gradually at low coverages and jumps suddenly at the transition. This behavior is reproducible and reversible.
One immediate consequence of this observed coupling is that we can investigate the dynamics of such a phase transition. The right inset to Fig. 4 shows the resistance monitored with a 10-ms instrumental response time as the Kr pressure is increased rapidly across the transition. The step occurs in about 0.1 s, indicating that this is the intrinsic time scale of the phase transition on the SWNT.
Analysis of the G-V g characteristics indicates that this SWNT has a small gap (~60 meV) and that the conductance is limited by tunneling across the gap at positive V g but not at negative V g (20) . The larger decrease in conductance at the phase transition for positive V g could thus be related to an increase in the gap. We note that the CS has a reciprocal lattice vector that connects the Dirac points in the graphene Brillouin zone, and hence coherent scattering from commensurate Kr offers a possible mechanism for modifying the gap. Also, the Kr atoms will be statically polarized by the gate-induced electric field perpendicular to the nanotube surface (20) , thereby modifying their interactions with each other and with the substrate at high gate voltages. Further experiments of this type could yield many more important insights into the interaction of adsorbed substances with the electrons in graphitic carbon. The right inset shows conductance versus gate voltage (solid: vacuum; dashed: in air, where there is hysteresis indicated by the arrows) at room temperature, whose form is that of a small-bandgap nanotube. Fig. 4 . Combined mass and transport measurements on device YB8 (1-mm gap) exposed to Kr at 77 K. Measurements are shown of both coverage parameter ϕ (left axis) and resistance R (right axis) as a function of pressure. The left inset shows conductance versus gate voltage at pressures just below (15 mTorr) and above (17 mTorr) the transition, with an arrow indicating the gate voltage of +3.1 V at which R was measured. The right inset shows resistance versus time during a rapid upward pressure sweep across the transition. We report here crystallization at long range in networks of like-charge supramolecular peptide filaments mediated by repulsive forces. The crystallization is spontaneous beyond a given concentration of the molecules that form the filaments but can be triggered by x-rays at lower concentrations. The crystalline domains formed by x-ray irradiation, with interfilament separations of up to 320 angstroms, can be stable for hours after the beam is turned off, and ions that screen charges on the filaments suppress ordering. We hypothesize that the stability of crystalline domains emerges from a balance of repulsive tensions linked to native or x-ray-induced charges and the mechanical compressive entrapment of filaments within a network. Similar phenomena may occur naturally in the cytoskeleton of cells and, if induced externally in biological or artificial systems, lead to possible biomedical and lithographic functions. (1), filamentous viruses (2) , and rigid molecules (3), can spontaneously form orientationally ordered domains or networks as a result of their shape. This excluded volume effect is useful in the design of devices, liquid crystals, high-strength materials, bioactive hydrogels, and other functional structures. In biological systems, the bundling, orientation, and mechanical networking of 1D cytoskeleton components such as filamentous actin and microtubules mediate cellular events such as mitosis, protein transport, and signal transduction (4) (5) (6) (7) (8) (9) . Small-angle x-ray scattering (SAXS) can provide information on the size, shape, and symmetry of the internal domains of materials (10, 11) and is extremely useful to study structures with the length scales of 3D networks formed by nanoscale filaments (4) . However, x-ray beams can cause irreversible chemical changes that lead to detectable products at high fluxes and affect the formation of 3D structures (12) (13) (14) . The typical mechanisms involve ejection of energetic electrons from molecules via the well-known photoelectric, Compton, and Auger effects and form free radicals and charged molecules, as well as chemical reactions (15) (16) (17) (18) (19) .
We report the spontaneous and x-ray-triggered crystallization of supramolecular filaments within 3D networks at unexpectedly large distances (up to 320 Å). The filaments described here are formed by self-assembly in water of a synthetic molecule containing the short peptide sequence Ala 6 Glu 3 (A 6 E 3 ) covalently grafted to an alkyl chain of 16 carbons ( fig. S1) (20) . A representative cryogenic transmission electron microscopy (cryo-TEM) image is shown in Fig. 1A , revealing cylindrical nanofibers measuring~102 Å in diameter corresponding to twice the fully extended length of the molecules. The length of the filaments cannot be directly obtained from cryo-TEM, but it is estimated to be on the scale of tens of micrometers. The combined effect of intermolecular hydrogen bonding among the peptide segments and hydrophobic collapse of hydrocarbon tails in these molecules leads to formation of the 1D nanostructures in dilute solution (21, 22) .
We observed that the SAXS profiles of 0.5 weight percent (wt %) solutions dramatically changed upon continuous x-ray exposure. Figure  1B displays 50 sequential SAXS profiles of the same spot with an exposure time of 4 s each, plotted on a double-logarithmic scale. The first spectrum (red) shows a typical scattering profile of cylindrical objects in solution, as suggested by the -1 slope in the low q region and a diffuse form factor peak around 0.1 Å −1 (fig. S2) (20, 23) . Successive irradiation on the same spot yielded a series of Bragg peaks. The relative positions of the peaks follow the q/q* ratios of 1 :
(where q* is the principal peak position), characteristic of a highly ordered 2D hexagonal lattice (space group p6mm). The development of scattering profiles is characterized by the emergence and continued increase in intensity of the principal Bragg peak, as well as the appearance of additional peaks at higher q values. Figure 1C shows the 2D scattering patterns of the first and the last exposures, revealing the disorder-to-order transition. The low volume fraction of filaments (0.5 wt %) indicates that these hexagonally packed 1D objects must exist as bundles. We measured the final values of full width at half maximum and used the Scherrer equation to estimate a bundle size. The calculation yields a value of about 1 mm; however, given the size regime the absolute value obtained from the Scherrer equation is of questionable accuracy. The Debye-Sherrer ring-like pattern after x-ray exposure is typical of scattering from a powder sample, implying that these hexagonal crystalline bundles are randomly distributed in solution ( Fig. 1D ).
We found that this x-ray-triggered structural rearrangement only occurred at relatively low concentrations. Figure 2A shows a similar disorder-toorder transition observed at 1 wt % upon continued x-ray irradiation. However, at higher concentrations (2 wt % and higher), the Bragg peaks could be observed without the need for continuous x-ray irradiation (Fig. 2, B and C). The hexagonally stacked filaments at 2 wt % and 5 wt % were stable during x-ray exposure, and their corresponding Bragg peak positions did not shift by more than 3% with accumulated exposure time.
These observations suggest that hexagonal stacking of filaments at higher concentration is a spontaneous process and not associated with x-ray irradiation. We plot the x-ray profiles corresponding to the last exposure for various concentrations in Fig. 2D . Five to seven Bragg peaks are registered in each scattering profile and have the expected relative ratios of hexagonal structures. The Bragg peak positions shift smoothly to higher values of q with an increase in peptide concentration in both spontaneous and x-raytriggered hexagonal structures. These changes correspond to a decrease in interfilament separation as the concentration rises ( Fig. 2E ) and suggests the spontaneous and x-ray-triggered hexagonal structures emerge through similar mechanisms.
To determine whether x-ray beam heating could contribute to this structural disorder-to-order
